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Abstract
Real-time status update in future vehicular networks is vital to enable control-level cooperative
autonomous driving. Cellular Vehicle-to-Everything (C-V2X), as one of the most promising vehicular
wireless technologies, adopts a Semi-Persistent Scheduling (SPS) based Medium-Access-Control (MAC)
layer protocol for its sidelink communications. Despite the recent and ongoing efforts to optimize SPS,
very few work has considered the status update performance of SPS. In this paper, Age of Information
(AoI) is first leveraged to evaluate the MAC layer performance of C-V2X sidelink. Critical issues
of SPS, i.e., persistent packet collisions and Half-Duplex (HD) effects, are identified to hinder its
AoI performance. Therefore, a piggyback-based collaboration method is proposed accordingly, whereby
vehicles collaborate to inform each other of potential collisions and collectively afford HD errors, while
entailing only a small signaling overhead. Closed-form AoI performance is derived for the proposed
scheme, optimal configurations for key parameters are hence calculated, and the convergence property is
proved for decentralized implementation. Simulation results show that compared with the standardized
SPS and its state-of-the-art enhancement schemes, the proposed scheme shows significantly better
performance, not only in terms of AoI, but also of conventional metrics such as transmission reliability.
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2I. INTRODUCTION
Although Vehicle-to-everything (V2X) communications are envisioned to significantly improve
the reliability and efficiency of autonomous driving, their implementation is still faced with many
challenges [2]–[5]. The reason behind is that, in nature, V2X is different from conventional
content communications, for that it has to meet the high-reliability and low latency requirements
with a large number of vehicles simultaneously, while they are travelling at high speeds. In
addition, V2X technologies are preferred to be decentralized, such that vehicles can communicate
with each other out of cellular coverage. Therefore, the communication protocol of V2X needs
to let the terminals decide, e.g., resource allocations, considering the unique patterns of vehicular
communications wherein traffic and status updates are mostly periodic.
In this regard, the 3rd Generation Partnership Project (3GPP) community has standardized
a semi-persistent scheduling (SPS) scheme for decentralized resource allocation in Cellular-
V2X (C-V2X) mode 4. In contrast to mode 3 which involves centralized scheduling that is
identical with conventional Long Term Evolution (LTE), mode 4 is fully decentralized. In a
practical scenario of vehicular direct communications, distributed resource allocation is often
more advantageous than centralized resource allocation from the perspective of latency and
overhead. Compared with distributed resource allocation, in addition to the disadvantage of the
limited coverage range for centralized resource allocation, it needs more interactions between
base stations and vehicles, which may cause more latency and overhead. Furthermore, vehicles
with high speed may experience frequent handover if connected to base stations. Based on these
reasons, distributed resource allocation is more suitable for vehicular direct communications.
However, the reliability of current C-V2X-based distributed allocation schemes is far below
that of centralized allocation and the channel utilization is low as well. More specifically, most
current distributed resource allocation schemes are sensing-based only and semi-persistent. Once
a collision occurs, the related vehicles could not realize the collision due to the Half-Duplex
(HD) effect, referring to the fact that a terminal cannot receive and transmit simultaneously.
Moreover, the characteristic of semi-persistent will result in consecutive packet collisions without
being realized by the transmitters until entering the re-selection process—this is not desirable for
scenarios that need high reliability and status timeliness such as autonomous driving. In addition,
though the re-selection process in semi-persistent scheduling schemes can avoid persistent packet
collision and is suitable in mobile scenarios to some extent, additional packet collisions may
3occur with a certain probability due to the re-selection process. For example, a packet collides
with another packet after a re-selection process but was not collided before—this clearly needs
to be avoided. Therefore, the problems mentioned above lead to an unsatisfactory performance
of distributed resource allocation in V2X sidelink.
In existing works and 3GPP standards, reliability and latency are often used to evaluate the
performance of vehicular communications. However, they cannot directly reflect the timeliness
of status information, e.g., speed and locations. In this paper, Age of Information (AoI) [6],
[7] is adopted as the performance metric that is closely related to the status freshness which is
vital for vehicular communications. Formally, AoI is defined for a status and a destination, as
the time elapsed since the generation of the latest status received at the destination. Meanwhile,
note that conventional metrics such as reliability and latency also play an important role in AoI,
considering that AoI optimizations implicitly encompass reliability and latency enhancements.
In this paper, we propose a distributed resource allocation scheme for C-V2X based on
AoI optimizations. Three major features of the scheme are collaboration, sub-frame offset and
persistent resource occupancy, which significantly reduce packet collisions and guarantee that
each vehicle can receives messages from any other vehicle periodically. To be specific, col-
laboration is achieved through piggyback-like feedback from vehicles that have sensed the
channels and have packets to transmit. Different from the conventional piggyback mechanisms
[8], the piggyback in this work carries information about collision resolution messages. Therefore,
collaboration in our scheme aims to help each other, which is fundamentally different from
existing collaboration schemes that announce self parameter configurations [9], [10]. Moreover,
the piggyback-based collaboration message is designed to only entail a small signaling overhead.
Our main contributions include the following.
• In vehicular direct communications, specifically C-V2X distributed Media Access Control
(MAC), this is the first work to adopt and optimize AoI as the metric to enhance status update
timeliness. A practical (with minimal modifications to the current standards) and effective
AoI-based MAC scheme is proposed that exhibits significantly improved AoI performance.
In addition, the AoI-optimized proposed scheme also shows advantages in conventional
metrics such as reliability and latency.
• The convergence of the proposed scheme is proved; theoretical performance analysis in
the scenarios of both static and dynamic vehicular traffic flows is presented. Shown by the
theoretical results, when the number of vehicles is in a certain range, the average AoI of all
4vehicles by our proposed scheme is independent with the vehicle population in the static
scenario and is only slightly affected in the dynamic scenario—this proposition demonstrates
the scalability of the proposed scheme. The optimal Resource Reservation Interval (RRI)
that minimizes AoI is also derived and validated by analysis and simulations.
• Extensive computer simulations are conducted. Compared with the current C-V2X dis-
tributed resource allocation scheme and existing works, the average AoI of the proposed
scheme is nearly unrelated to Channel Busy Ratio (CBR) while the performance of the
other two schemes degrades dramatically with an increasing CBR. When the CBR is larger
than 70%, the average AoI of the proposed scheme is only 10% of the AoI by the the other
two schemes. Meanwhile, we show that the performance of our scheme is near-optimal,
validated by comparing the simulations to the theoretical optimum.
A. SPS Scheme in the Standard
In the 3GPP C-V2X standard [11], the distributed SPS scheme consists of three steps, i.e.,
sensing, selection and re-selection. During the communication process, vehicles sense the sub-
channel and time slot occupancy in the network. Upon sending a message, a vehicle predicts
the occupancy in the future resource selection window based on the channel occupancy in the
previous 1000 ms, and then randomly selects among 20% of the resources that are most likely
not to be occupied in the future. After the resource is selected, the re-selection counter will be
assigned to an initial value, and the vehicle will periodically occupy the corresponding selected
resource for transmission. Each time the message is sent, the re-selection counter reduces by one
until returning to zero; this is when there will be some probability 1− p for which the vehicle
re-selects the resource, which is equivalent to re-executing the second step of the scheme. The
process of the SPS scheme is shown in Fig. 1.
B. Related Works
Optimizing AoI in wireless networks has attracted considerable attentions. Ref. [12], [13] have
considered the wireless broadcast networks wherein scheduling decisions are centralized, and
adopted the Whittle’s index approach. The wireless multi-access scenario, and hence decentral-
ized scheduling decisions are mode, is considered in [14]–[18]. Building on existing MAC-layer
protocol, e.g., CSMA or ALOHA, the access probability of backoff window size is optimized in
[16]–[18], on account of the fact that nodes may have different channel conditions, service rates
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Fig. 1. The process of SPS scheme in 3GPP standard, where the RRI and selection window are 20 ms.
and packet arrival rates. Ref. [15] adopts the Whittle’s index approach and associates the access
probability with the index. In [19], a round-robin scheduling policy is shown to be asymptotically
optimal when the number of nodes is large. In addition, Ref. [20], [21] show that a stationary
policy actually achieves order-optimal performance in general network topology. However, AoI
optimizations in C-V2X are seldom considered in existing works, whereas the MAC layer of
C-V2X requires unique treatment.
According to the SPS scheme, each vehicle predicts the future sub-channel and time-slot
occupancy in the whole network by sensing historic channels. Similar with most decentralized
radio access schemes such as Carrier-Sense Multiple-Access (CSMA), SPS suffers from colli-
sions when the network is congested. Therefore, most works on SPS has been focused on how
to reduce the packet collisions. Moreover, MAC layer failures of mode 4 also include other
types, e.g., errors due to HD, which are detailed in [22] and [23]. Based on the analysis, it is
pointed out that four types of transmission errors exist in C-V2X mode 4, i.e., HD errors, packet
collisions, link-budget deficiency and channel fading caused failures. Among these, the former
two are MAC errors which are related to SPS and thus are the focus of this paper.
Since the SPS scheme has been specified in 3GPP Release 14 [11], many studies have
analyzed its performance. For example, Ref. [24], [25], [26] and [27] analyze the performance
of the SPS scheme under various parameters. It is pointed out in [24] that the RRI significantly
affects the packet data rate, while the parameter of resource keep probability has little effect on
6the performance in highway scenarios with dense vehicles. Ref. [25] and [26] analyzes more
parameters, and indicates that the smaller the size of the sensing window is, the more accurate
the prediction on future channel occupancy will be, but the size of the sensing window cannot
be less than the minimum RRI. Meanwhile, it is claimed in [25] that in a V2X network with
low congestion, the optional resource needs to be maintained at 20% of the total resources, and
for a network with very high congestion, the ratio can be adjusted to 10%. In [27], a detailed
assessment of C-V2X technology under high-density vehicular scenarios is presented.
Although the SPS scheme has been specified by 3GPP, it is far from perfect and extensive
work has been dedicated to reduce its MAC error rate, which is currently unsatisfactory and
cannot meet the reliability requirements for V2X transmissions. An optimization scheme is
proposed by [28] based on the characteristics of the periodicity of safety messages and the
regularity of the size packets. It is claimed that the safety information is often composed of
a small number of long packets and a large number of short packets, and it is proposed to
perform SPS only for short packets and dynamic scheduling for long packets. Different from
calculating the average value of the energy of the corresponding sub-channels in sensing window
in standard, Ref. [29] highlights the proportion of the latest channel occupancy state though
exponentially weighting the energy of the corresponding sub-channels in the time domain and
achieves a better performance. From the perspective of transmitting power, it is found in [30] that
higher transmitting power responds to a larger communication range while more easily leads to
channel interference, especially under the high channel busy ratio. And with transmitting power
decreasing, the reception correct rate increases at the cost of communication range. Therefore,
Ref. [30] proposes to estimate the channel busy ratio according to the strength of the signaling
energy and uses the estimated channel busy ratio to calculate corresponding transmitting power,
which improve the performance compared with the standard. Based on [30], Ref. [31] provides
another algorithm whose performance is better than [30]. In order to improve the reliability of
SPS, the concept of collaboration is introduced in [9], whereby vehicles receive the values of
the re-selection counter of other vehicles when sensing the channel. Based on these values, a
vehicle can adjust its own re-selection counter to minimize the packet collisions. On the basis
of [9], the SPS scheme with collaboration is further improved in [10], wherein the values of the
re-selection counter are replaced by the resource location of next re-selection of each vehicle,
so that each vehicle can improve the reliability by avoiding the resources that will be occupied
by other vehicles according to the collaboration messages. However, only packet collision is
7considered in both Ref. [9] and [10], where errors caused by HD are neglected.
The rest of this paper is organized as follows. Scheme description is provided in Section II
and performance is calculated and analyzed in Section III. In Section IV, simulation results are
shown and analyzed. Conclusions are given in Section V.
II. PROPOSED COLLISION AVOIDANCE SCHEME
Different from SPS-based distributed resource allocation schemes, our proposed scheme does
not rely on random re-selection of resources for collision avoidance. Instead, it adopts piggyback
feedback to avoid collision error. Thereby, each vehicle selects and keeps a static resource to
send data periodically until a message for collaboration is received. The message is piggybacked
with outgoing data from a vehicle, which is transmitted for collision avoidance. Once a vehicle
receives the message for collaboration, it will enter re-selection process, which will be described
in details in II-D. Therefore, the proposed scheme in this paper is named CAPS for Collision
Avoidance based Persistent Scheduling. An example of the process of CAPS scheme is shown
in Fig. 2. Specifically, The figure shows the process of collision avoidance and sub-frame offset.
In this example, there are four vehicles transmitting messages in their own sub-channel, where
vehicle C and D are transmitting in the same sub-channel noted by the red area. For vehicle A
and B, they can sense the occupancy of the red sub-channel but cannot decode it. Then the red
area is suspected of collision and based on CAPS scheme, vehicle A and B will broadcast the
collaboration message together with the payload when transmitting. If vehicle C and D hear the
collaboration message, they will re-select a new sub-channel with a certain probability. In the
figure, vehicle C keeps the same sub-channel and vehicle D re-selects a new sub-channel. In
addition, to avoid the error due to HD, vehicles will offset the occupied sub-channels according to
certain rules, which is stated in Section II-C. In addition, since each vehicle tends to persistently
keep a sub-channel for transmission in our scheme, the number of vehicles should be less than
the total number of sub-channels in a period.
In the remainder of this section, we will explain CAPS scheme consisting of four steps in
detail, i.e., sensing, collaboration, sub-frame offset and selection/re-selection.
A. Sensing
The sensing process is designed to sense the occupancy of the sub-channels during a certain
time of the past. Based on that, each vehicle can predict the occupancy of sub-channels in the
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Fig. 2. An example of the process of CAPS scheme.
future when selecting or re-selecting a new resource for transmission. Meanwhile, each vehicle
could judge whether a collision occurs in a sub-channel through sensing process. In CAPS
scheme, the sensing window length is designed to be two times of the RRI of each vehicle, e.g.,
a length of 40 ms for an RRI of 20 ms, which is different from the sensing window length of
one second designed in the SPS scheme in standard. One reason is that the longer the sensing
window is, the less prominent the latest resource selection changes are; the re-selection, therefore,
would result in an inability to make accurate predictions on future sub-channel occupancy. The
other reason is from the part of sub-frame offest adopted in CAPS scheme, which is specified
in detail in Section II-C. With the sensing window length shortening, there is a certain risk that
the occupancy of a packet with a longer RRI cannot be sensed. Benefiting from the message for
collaboration in our scheme, the packet collision caused by this reason can be quickly solved,
so the impact on the incomplete sensing of sub-channel occupancy can be neglected.
At each time slot, the vehicle judges the sub-channel occupancy in the sensing window in
terms of the signal strength in the sub-channels. Because of the static occupancy of resources
in CAPS scheme, once a sub-channel is sensed to be occupied, the corresponding resource is
considered to be occupied persistently.
9B. Collaboration
For distributed resource allocation, sensing-based prediction is not always accurate due to the
uncertainty of the channel selection in the future, which may result in packet collision. Therefore,
sensing-based only scheme, such as SPS scheme specified in standard, cannot lead to good
performance. Meanwhile, because of the semi-persistent scheduling scheme, the collision persists
until next re-selection without being known by the transmitters. To enhance the performance, it
is necessary for each vehicle to obtain more information about the channel status.
Therefore, the idea of collaboration is introduced in our scheme. The end result in terms
of performance turns out much better than conventional schemes based on simulation results
in Section IV. To achieve collaboration among vehicles, the messages for collaboration are
transmitted for collision avoidance via piggyback. It is explained in details as follows.
The piggybacked message is used for collision avoidance, meaning that it is for helping
reducing the number of packet collisions in the network.
Definition 1 (Suspected of Collision): If a sub-channel is confirmed to be occupied in the
sensing window, but its content cannot be decoded correctly, then the sub-channel will be
considered suspected of collision.
When a vehicle that has observed this broadcasts safety messages, the message for collision
avoidance will be transmitted together with the payload, which indicates the time and frequency
location of the sub-channels that are suspected of collisions. If the vehicle transmitting in the
corresponding sub-channel receives the message, it will enter re-selection process. In addition,
in order to avoid handling the messages for the same sub-channel from multiple vehicles, the
message for a sub-channel is designed to be handled only once.
Definition 2 (Assistance Range): Meanwhile, since the range of the time and frequency location
of the sub-channels that a vehicle can broadcast should be limited, the assistance range is designed
not to exceed the respective RRI of each vehicle.
1) Signaling Overhead: It is noted that with the introduction of messages for collaboration,
the signaling overhead is bound to increase with the number of vehicles and packet collisions.
In order to guarantee data throughput while improving reception accuracy, it is necessary to
consider the signaling overhead of the scheme and limit the overhead to an acceptable range. In
our scheme, since each message for collaboration indicates the time and frequency location of
one sub-channel through the index of sub-frame and sub-channel, the size of one message lca
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depends on the assistance range Nsubf and the number of sub-channels NsubCH in one sub-frame.
Therefore, the size of the message can be calculated by
lca = dlog2Nsubfe+ dlog2NsubCHe . (1)
If the RRI of a vehicle is 50 ms and there are 50 sub-channels in one sub-frame, which means
the size of each message of collision avoidance is equal to 12 bits. To limit the overhead to an
acceptable range, each vehicle can broadcast three sub-channels suspected of collision at most,
which equals an overhead of 36 bits.
In addition, as a side benefit, since packet collisions are notified by the receiving vehicles,
CAPS scheme can also mitigate the hidden terminal problem.
C. Sub-frame Offset
With the help of the messages for collaboration, vehicles suspected with collision will try to re-
select new resources for transmission, so the number of collision sub-channels will be reduced
until no collisions exist. When that happens, the scheme is converged and the vehicles will
not re-select new resources. However, when all vehicles respectively keep their own resources
transmitting data, the vehicles transmitting in the same sub-frame can never hear each other due
to the half-duplex effect. In practice, the persistent deaf phenomenon can lead to a high risk
of safety. To mitigate the problem, a periodic sub-frame offset method is introduced. Using the
method, the locations of the sub-channels will not fixed but offset according to a certain rule.
Definition 3 (Virtual Resource Mapping and Real Resource Mapping): To implement the sub-
frame offset, virtual resource mapping and real resource mapping are designed as shown in Fig.
3, where virtual resource mapping is used in the re-selection process before offset and the latter
is used to map the real resources to transmit data after offset. The time duration of the virtual
and real resource mapping windows are equal to respective RRI of each vehicle.
Since the direct sub-frame and frame number is broadcasted in Physical Sidelink Broadcast
Channel (PSBCH) as specified in the standard [32], the time domain information can be adopted
to offset sub-frame.
Definition 4 (Resource Offset Update Period and Resource Cyclic Shift Period): In our scheme,
the time domain is divided by resource offset update period Tupd and resource cyclic shift period
Tost respectively as shown in Fig. 3, where the length of resource offset update period should be an
integer multiple of resource cyclic shift period and the length of RRI should be an integer multiple
11
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of resource cyclic shift period as well, and Tupd should be equal and larger than the biggest RRI
of all vehicles. Besides, the virtual and real resource mapping windows consist of integer number
of resource cyclic shift periods. In each resource offset update period, the sub-channels in the
same frequency domain offset the same number of sub-frames in the corresponding resource
cyclic shift period.
Assuming that a sub-channel in the virtual resource mapping window is located in {nsubf,
nsubCH} in the time and frequency domain, if the corresponding sub-channel in real mapping
window is located in the i-th resource offset update period, the sub-frame offset Osubf can be
calculated by Osubf = nsubCH(i− 1), where nsubCH ∈ {0, ..., NsubCH− 1}, nsubf ∈ {0, ..., Nsubf− 1},
NsubCH and Nsubf respectively indicates the number of sub-channels in one sub-frame and the
number of sub-frames in a virtual resource mapping window, and i starts from one. Therefore,
the sub-fame of the corresponding sub-channel in the real resource mapping window after offset
could be expressed by (nsubf +Osubf) (mod Tost) +
⌊
nsubf
Tost
⌋
Tost and the frequency domain of the
sub-channel keeps the same.
Proposition 1: Based on this sub-frame offset scheme, each sub-channel in the virtual mapping
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window can correspond a one and only sub-channel in the real mapping window and vice versa.
D. Selection/Re-selection
When a vehicle would like to select a new resource for transmission at sub-frame t, it will
first find an effective area in the sensing window.
Definition 5 (Effective Area): The effective area consists of an integer number of the latest
resource cyclic shift periods before sub-frame t as shown in Fig. 3, whose length is equal to the
RRI of the vehicle. If the sensing window stretches across two adjacent resource offset update
period, the effective area consists of the last one or several resource cyclic shift periods in the
last resource offset update period.
After determining the effective area, the sub-channel occupancy in the effective area can be
mapped into virtual resource mapping window based on Section II-C. In the virtual resource
mapping window, the sub-channels whose energy strength are under the threshold are considered
to be available to select. If the number of available sub-channels is zero after filtering, the
threshold will increase to guarantee that at least a sub-channel is available. Then the vehicle will
randomly select a sub-channel among the set of available sub-channels and map the selected
sub-channel to the two real resource mapping windows after the effective area as shown in Fig.
3, where the part before sub-frame t is not need to be considered and so omitted.
After selecting or re-selecting a new sub-channel, the vehicle will persistently keep the sub-
channel and periodically transmitting data until receiving a message for collaboration. When the
vehicle enter the next resource offset update period, it will offset the sub-channel in the time
domain according to Section II-C.
For resource selection, vehicles predict future available sub-channels based on the past signal
strengths from the sensing process. For resource re-selection, note that entering the re-selection
process does not absolutely equal to re-select a new sub-channel. In our scheme, considering
that there are at least two packets in a collision sub-channel, the probability of re-selection for
collision avoidance is set to be 0.5.
The complete procedure for transmission of each vehicle is shown in Algorithm 1 in detail. In
line 1, nsubCH indicates the index of the sub-channel and ncsubf indicates the current sub-frame.
In line 2, Tsimu indicates the duration of the simulation. In line 3, it is judged whether the data is
transmitted in the current sub-frame and the sub-frame for transmission is expressed by nsubf_data.
In line 8, the number of sub-channels in a sub-frame is shown by NsubCH. In line 11, EsubCH
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indicates the energy of current sub-channel and EThre indicates the minimum energy that data
can be decoded. In line 14, it is judged whether the message for collaboration exists in the
packet and the location indicated in the message points to the own sub-channel.
III. PERFORMANCE ANALYSIS
In this section, performance of CAPS scheme is analyzed theoretically with closed-form
expressions. As mentioned in Section II, CAPS scheme aims to converge to a stable status,
where there is no packet collision and each vehicle keeps the relatively fixed sub-channel for
periodical transmission during a period. In this section, the performance analysis is based on
the converged status of the scheme. Therefore, before the performance analysis, the convergence
analysis is necessary that is detailedly analyzed in Appendix A.
In order to intuitively evaluate the performance of CAPS scheme, AoI is introduced to be
the performance evaluation index, since it can integrally reflect reliability and latency and is
suitable for evaluating the performance of periodical transmission. To be specific, the average
AoI of reception of each vehicle is considered to evaluate the performance of CAPS scheme.
Besides, the calculation of AoI is discrete and the minimum unit of AoI is one millisecond.
The performance of CAPS scheme under static and dynamic vehicular traffic flow is analyzed
in detail in what follows.
A. Analysis of Static Vehicular Traffic Flow
In the scenario of static vehicular traffic flow, vehicles in one communication range will not
leave the range and no new vehicles will enter the range, so the number of the vehicles in the
range is constant as well. When the scheme is converged, the average AoI of reception of each
vehicle can be expressed by
Ei [ai] =
1
v
v∑
i=1
ai, (2)
where v 6 c. In addition, v and c respectively indicate the total number of vehicles and the
number of sub-channels during an RRI, ai indicates average AoI of reception of AoI and i
indicates the receiving vehicle i. After the calculation and analysis in Appendix B, Theorem 1
is obtained.
Theorem 1 (Performance of Static Vehicular Traffic Flow): In the scenario of static vehicular
traffic flow, after CAPS converges, the average AoI of reception of each vehicle is calculated by
Ei[ai] =
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1) , (3)
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Algorithm 1: CAPS Scheme
1 Initialization: nsubCH = 0; ncsubf = 0;
2 while ncsubf ≤ Tsimu do
3 if nsubf_data == ncsubf then
4 Transmit data in corresponding sub-channel;
5 Transmit message for collaboration in corresponding sub-channel; . Section II-B
6 Calculate the location of the next sub-channel for transmission; . Section II-D
7 else
8 while nsubCH < NsubCH do
9 Sense the energy of the sub-channel; . Section II-A
10 Receive and decoding the sub-channel;
11 if EsubCH > EThre but CRC check is False then
12 The sub-channel is suspected of collision and cached; . Section II-B
13 else if EsubCH > EThre and CRC check is True then
14 if message for collaboration exists and is valid for myself then
15 Enter the process of re-selection;
16 Map effective area to virtual window; . Section II-D
17 Select a new sub-channel; . Section II-D
18 Map the new sub-channel from virtual window to real window;
. Section II-D
19 end
20 end
21 nsubCH = nsubCH + 1;
22 end
23 nsubCH = 0;
24 end
25 ncsubf = ncsubf + 1;
26 end
where NsubCH indicates the number of sub-channels in a sub-frame, variable T indicates the
period where relative locations of the sub-channels occupied by vehicles keep the same and
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αRRI indicates the resource reservation interval. Shown by the analysis results in (3), we find
that average AoI in static scenario is irrelevant of the number of vehicles v or CBR, when v 6 c
is met and CAPS is converged. It is because there is no packet collision after CAPS converges,
the only MAC error is caused by HD effect, which is not affected by the number of vehicles v
when sub-frame offset method is used.
B. Analysis of Dynamic Vehicular Traffic Flow
In the scenario of dynamic vehicular traffic flow, it is assumed that vehicles in one com-
munication range will arrive in and leave the range in a dynamic rate, but the number of the
vehicles in the range is still constant. In the performance analysis of this part, the expectation
of the proportion of the number of vehicles arriving and leaving a communication range in
one unit of time are respectively equal to x and y. For instance, when the number of vehicles
in a communication range equals 100, dynamic rate x = y = 0.7 indicates that there are
100×0.7 = 70 new vehicles arriving in and 70 vehicles leave the range in one second. Similarly,
the scenario of static vehicular traffic flow responds to x = y = 0. In order to simplify the
calculation, it is assumed that
• both x and y are constant and x = y,
• the minimum calculation window is an RRI,
• the scheme can be converged in each RRI,
• the packet will not collide if it has collided in the last RRI.
Based on the assumptions mentioned above, analysis in detail is shown in Appendix C and
the analysis results is given in Theorem 2.
Theorem 2 (Performance of Dynamic Vehicular Traffic Flow): In the scenario of dynamic
vehicular traffic flow, the average AoI of reception of each vehicle is finally expressed by
Ei[ai] =
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1) +
(c−NsubCH)αRRI
(v0 − 1)(c− 1) ncol. (4)
where v0 indicates the initial number of vehicles, ncol indicates the number of collision packets
in an RRI window and only the dynamic part of average AoI is related to the initial number
of vehicles v0 and v 6 c should be complied as well. Compared with the first two parts in (4),
the dynamic part have little effect on the result of the average AoI. Therefore, the average AoI
of reception of each vehicle in the scenario of dynamic vehicular traffic flow have little relation
with the number of vehicles.
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Fig. 4. (a) Average AoI versus Tupd and RRI in the scenario of static vehicular traffic flow. (b) Comparison between Optimum
AoI of CAPS Scheme and Ideal AoI with a Certain RRI.
C. Analysis Results
As mentioned above, T indicates the period where relative locations of the sub-channels
occupied by vehicles keep the same. Since sub-frame offset is adopted in CAPS scheme, T
equals to the resource offset update period, i.e. T = Tupd. Therefore, T can be replaced by
Tupd. When the number of vehicles is less than the total number of sub-channels in a period of
transmission and NsubCH is set to 8, the average AoI can be calculated and the result versus Tupd
and RRI is shown in Fig. 4(a).
From Fig. 4(a), we find that with the same RRI, the shorter Tupd corresponds to the lower AoI,
where Tupd > αRRI. When Tupd = αRRI, AoI is minimum and is near the ideal AoI, as shown
in Fig. 4(b). The ideal AoI here reflects the ideal scenario where any vehicle can receive the
messages from other vehicles. The ideal average AoI can be expressed by Ei[ai]idl = αRRI−12 .
From the other perspective, when Tupd is set to a constant, there is an RRI corresponding a
minimum AoI. Moreover, since Tupd is always a global parameter and αRRI is a local parameter
in practical scenarios, based on the performance analysis, the optimal RRI can be adopted when
Tupd is determined and v 6 c.
IV. SIMULATION RESULTS
In this section, simulation results are given and the simulation consists of three parts. The first
part is about the comparison with relevant schemes including state-of-the-art. The second part
is about the comparison between theoretical analysis and simulation. The third part verifies the
conclusion of the optimal RRI with a fixed Tupd and optimizes the range of application of CBR.
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TABLE I
SIMULATION SETTINGS FOR CAPS SCHEME
Parameter Value Parameter Value
Number of Vehicles (v) 4 to 360 Resource Offset Update Period (Tupd) 50/200/1000 ms
RRI (αRRI) 50 ms Traffic Flow of Vehicles Static
Number of Sub-channels (NsubCH) 8 Maximum Number of Collision Assisted 3
Duration of Simulation 100 s Re-selection Probability for Collision 0.5
Resource Cyclic Shift Period (Tost) 10 ms
A. Comparison among Different Schemes
In this part, we implement CAPS scheme, the standard SPS scheme and SPS/LA scheme from
[10] on MATLAB, and provide the comparisons through Monte-Carlo simulations. Some related
parameters are listed in Table I. Since only the MAC error is considered, the physical-layer
errors due to, e.g., channel fading, are omitted. In practice, it is noted that physical-layer errors
are also very important, however out of the scope of this work. In addition, HD influence is
fully considered during sensing and collaboration, so the performance of each scheme can be
more accurately reflected. For initialization, vehicles randomly select sub-channels to transmit
data in one second.
Fig.5 shows the comparison of average AoI versus CBR during the simulation that lasts for
100 seconds. From Fig.5, the performance of CAPS scheme is obviously better than the other
two schemes, where the curve of the average AoI of CAPS scheme is almost flat with CBR
increasing while the performance of the other two schemes becomes worse with CBR increasing.
When CBR is larger than 70%, the average AoI of the other two schemes is almost 10 times
as many as CAPS scheme. In addition, the average AoI of CAPS scheme is near the ideal AoI,
where the ideal AoI has been mentioned in III-C. From the perspective of Tupd, the better AoI
is achieved with the smaller Tupd, which is the same as the result of the performance analysis
in III-C.
From the perspective of reliability, Fig. 6 shows comparisons of the error rate versus CBR
when the simulation lasts for 100 seconds. The MAC error here denotes the error caused by MAC
layer operations, which contains both collision error and HD error. From Fig. 6, the performance
of CAPS scheme is obviously better than the other two schemes, and there is no error of collision
when CBR ≤ 80% in CAPS scheme. From the side, the results of reliability validate that AoI
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Fig. 6. Comparison of BLER versus CBR among three different schemes.
can also reflect reliability.
B. Comparison between Analysis and Simulation
In order to validate the correctness of the result of the performance analysis, the results of
analysis and simulation are compared in Fig.7(a) and Fig.7(b), where the RRI of all vehicles
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Fig. 7. (a) Comparison between theoretical analysis and simulation results in the scenario of static vehicular traffic flow.
(b) Comparison between theoretical analysis and simulation results in the scenario of dynamic vehicular traffic flow, where
x = y = 0.7.
and Tost equal to 10 ms. Fig.7(a) and Fig.7(b) correspond to the scenario of static and dynamic
vehicular traffic flow respectively. From the comparison, it is obvious that the results of theoretical
analysis are basically consistent with the simulation results while the simulation results get
worse when CBR respectively overpasses 90% and 70% in the scenario of static and dynamic
vehicular traffic flow. The deviation of analysis and simulation in very high CBR may be related
to the convergence speed. If the convergence time is shortened, for example allowing vehicles
to broadcast more sub-channels suspected of collision at the cost of increasing overhead, the
deviation may be alleviated.
C. Verification of Optimal RRI and Optimization of the Range of CBR
As mentioned in III-C, when Tupd is fixed and v 6 c is met, there is an optimal RRI. With
the optimal RRI, the performance of AoI can achieve the minimum value. In order to validate
the conclusion, a series of simulations are designed, where Tost is set to 10 ms, Tupd is set to
400 ms and the scenarios of vehicular traffic flow consist of static and dynamic scenarios.
Fig.8(a) shows the curve of the average AoI versus RRI under different number of vehicles
in the scenario of static vehicular traffic flow. In the figure, dotted line indicates the result of
theoretical analysis with the same configuration, which is corresponding to the result in Fig.4(a).
With different RRI, different number of vehicles corresponds respective CBR. Since the
number of sub-channels in a sub-frame is equal to 8, there are 80 available sub-channels when
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Fig. 8. (a) Average AoI versus RRI under different number of vehicles in the scenario of static vehicular traffic flow is shown
and compared with the curve of the results of performance analysis with the same configuration. (b) Average AoI versus RRI
under different number of vehicles in the scenario of dynamic vehicular traffic flow is shown, where x = y = 0.7.
the length of RRI is equal to 10, and the rest can be done in the same manner. From Fig.8(a),
it is obvious that when the number of vehicles equals to 50 and 70, the curves of them nearly
accord with the result of theoretical analysis. Once the number of vehicles overpasses the number
of available sub-channels under a certain RRI, i.e. v > c, the performance will be significantly
inferior to the result of theoretical analysis. In addition, it is also found that when CBR is under
but near 100%, the performance will become worse. According to the curve of the result of
theoretical analysis, the optimal RRI should be 20. However, only when the number of vehicles
is under 145, where the CBR approximately equals to 90% with RRI of 20 ms, the RRI is
optimal. For the curve of the vehicular number of 150, 160 and 215, the optimal RRI is 30 ms,
where all of their CBRs are under 90% as well. And the optimal RRI of the curve of the vehicular
number of 220 and 230 equals to 40 ms, where CBRs do not overpass 90%. Therefore, based on
the observation on Fig.8(a), it is concluded that in the scenario of static vehicular traffic flow,
only when the CBR is under 90% with vehicles using the optimal RRI of theoretical analysis,
the optimal RRI can be adopted. Otherwise, the optimal RRI is the shortest available RRI that
can let CBR under 90%. In order to implement the conclusion in the practical scenarios, the
simplest idea is to dynamically adjust respective RRI through estimating the CBR in real time,
which will be studied in the future work.
From the perspective of dynamic scenario, the simulation results are shown in Fig.8(b), where
x = y = 0.7. Since the results of theoretical analysis are different for different number of
vehicles in the scenario of dynamic vehicular traffic flow, the curves of theoretical analysis is
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omitted, which will not influence results analyzing.
Different from the static scenario, through comparing the relation between CBR and the
optimal RRI among all curves, it is concluded that in the scenario of dynamic vehicular traffic
flow, where x = y = 0.7, only when the CBR is under 85% with vehicles using the optimal
RRI of theoretical analysis, the optimal RRI can be adopted. Otherwise, the optimal RRI is the
shortest available RRI that can let CBR under 85%. With the higher dynamic rate, the threshold
will be lower. In addition, for implementing the conclusion in the practical scenarios, besides
the process of CBR sensing, the sensing of dynamic rate is also necessary, for example through
identifying the vehicle ID, which will be studied in the future work as well.
V. CONCLUSIONS AND FUTURE WORK
In this paper, we have proposed a distributed resource allocation scheme, i.e., CAPS, by
piggybacking the collaboration messages for collision avoidance with acceptable signaling over-
head. Meanwhile, AoI is introduced as the metric to evaluate the performance of information
timeliness in the scenario of vehicular direct communications. Based on theoretical analyses, the
convergence of CAPS is proved. It is found that CAPS scales well with the vehicle population,
as the average AoI is merely slightly affected by that. Additionally, the optimal RRI is derived
in closed-form, under a certain number of vehicles. According to the simulation results, the
performance of CAPS is significantly better than the baseline schemes, including the standardized
scheme and state-of-the-art enhancements. Specifically, when CBR is larger than 70%, the
average AoI of CAPS is only 10% of the other baselines. Furthermore, the average AoI of
CAPS scheme is shown to be near-optimal, by comparing the simulation results to the theoretical
optimum derived before. The optimal RRI to optimize AoI is also derived, under a wide range
of CBR for both static and dynamic vehicular traffic flow scenarios.
From the perspective of application scenarios, we note that our proposed scheme is not only
suitable for vehicular direct communications but also other scenarios of distributed periodical
transmissions such as sensor sharing networks and emergency voice communication networks
without cellular coverage. Essentially, CAPS can achieve good performance with persistent
periodic packet transmissions, when vehicles have enough time to adapt their resource allocation.
However, it may not be applicable to scenarios where a large number of aperiodic packets need
to be transmitted in a short period of time, because collaboration becomes useless when packets
are transmitted aperiodically. In practical V2X scenarios, it is certain that both periodic packets,
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e.g., status messages, and aperiodic packets, e.g., emergency messages, are required. Therefore,
designing a scheme that can meet the transmission needs of both periodic and aperiodic messages
requires future work.
APPENDIX A
CONVERGENCE ANALYSIS
In the situation of static vehicular traffic flow, the aim of our scheme is to let the channel
occupancy reach a stable state, in which there is no packet collision. However, the re-selection
process may lead to additional packet collision, which may make channel occupancy unable to
converge to a stable state, even result in more packet collision. Therefore, the convergence of
the scheme will be analyzed in this section.
When v vehicles randomly select resources from c sub-channels and each vehicle only select
one sub-channel to transmit data, there is a certain probability of packet collision. In order to
calculate the number of packets in each channel after selection, we define pi,j,c,v as the probability
that there are i sub-channels with j packets when v vehicles randomly select resources from c
sub-channels, where v ≥ j ≥ 0. Therefore, pi,j,c,v should satisfy
∑c
i=0 pi,j,c,v = 1.
When j = 1,
pi,1,c,v =
(
c
i
)(
1− i
c
)v−i(
1
c
)i
i!
(
1−
c−i∑
k=1
pk,1,c−i,v−i
)
, (5)
where i ∈ [0, c] and pi,1,c,v = 0,when i > v. In addition, the number of sub-channels with j
packets and its variation after one iteration is respectively denoted by nj,c,v and ∆nj,c′,v′ . Either
of them satisfies
v∑
j=0
nj,c,v = c (6)
v∑
j=0
jnj,c,v = v. (7)
We also define bj,c′,v′ as the expectation of ∆nj,c′,v′ . Therefore, bj,c′,v′ can be expressed as
bj,c′,v′ = E [∆nj,c′,v′ ] =
c∑
i=0
ipi,j,c′,v′ , (8)
where c′ denotes the number of available sub-channels in the last iteration k− 1 and v′ denotes
the number of vehicles that have re-selected resources in this iteration k. Therefore, c′ can be
replaced by (n0,c,v)k−1, and v
′ can be replaced by nrs.
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When the number of sub-channels with packet collision is equal or greater than three, that is∑v
j=2 nj,c,v ≥ 3, nj,c,v in each iteration can be expressed as
(n0,c,v)k = ∆n0,(n0,c,v)k−1,nrs ,
(n1,c,v)k = (n1,c,v)k−1 + ∆n1,(n0,c,v)k−1,nrs ,
(n2,c,v)k =
(
1− 3 · 0.5∑v
j=2 (nj,c,v)k−1
)
(n2,c,v)k−1 + ∆n2,(n0,c,v)k−1,nrs ,
· · ·
(nv,c,v)k =
(
1− 3 · 0.5∑v
j=2 (nj,c,v)k−1
)
(nv,c,v)k−1 + ∆nv,(n0,c,v)k−1,nrs , (9)
where
nrs =
3
∑v
j=2 jnj,c,v
2
∑v
j=2 nj,c,v
. (10)
We multiply both sides of the equations (9) by their respective j and accumulate them from
j = 2 to j = v. Then we can get(
v∑
j=2
jnj,c,v
)
k
=
(
1− 3 · 0.5∑v
j=2 (nj,c,v)k−1
)(
v∑
j=2
jnj,c,v
)
k−1
+
v∑
j=2
j∆nj,(n0,c,v)k−1,nrs , (11)
where the left side of the equation (11) indicates the number of colliding packets. If the number of
colliding packets decreases after every iteration, the convergence can be guaranteed. Equivalently,
if we prove the following inequality (12) to be satisfied, we can also prove the convergence.
E
[
3
2
v∑
j=2
jnj,c,v∑v
j=2 nj,c,v
−
v∑
j=2
j∆nj,n0,c,v ,nrs
]
> 0. (12)
We find that the previous item of the inequality can be replaced by E[nrs] according to (10),
so the inequality (12) can be converted to
E [Z] = E
[
nrs −
v∑
j=2
j∆nj,n0,c,v ,nrs
]
> 0, (13)
where the left side of the inequality (13) is denoted by E [Z]. When the number of sub-channels
with packet collision is less than three, that is
∑v
j=2 nj,c,v < 3, we can get the same inequality
as (13). Since ∆nj,n0,c,v ,nrs = 0, when j > nrs, it converts to nrs −
∑nrs
j=2 j∆nj,n0,c,v ,nrs > 0.
According to (7), we can get
∑nrs
j=0 j∆nj,c,nrs = nrs, which is
∑nrs
j=2 j∆nj,c,nrs = nrs −
∆n1,n0,c,v ,nrs . Therefore,
Z = nrs −
nrs∑
j=2
j∆nj,n0,c,v ,nrs = nrs − nrs + ∆n1,n0,c,v ,nrs = ∆n1,n0,c,v ,nrs . (14)
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Fig. 9. Convergence analysis of collision avoidance.The figure shows E[∆n1,n0,c,v,nrs ] > 0 within all possible values, where
min{E[Z]} = 1.91 · 10−6.
Based on (5) and (8), we use MATLAB to calculate b1,n0,c,v ,nrs = E
[
∆n1,n0,c,v ,nrs
]
. In practice,
v < c, which means n0,c,v ≥ 1. When
∑v
j=2 nj,c,v > 0, n0,c,v ≥ 2. Therefore, in our scheme,
n0,c,v ∈ [2, c− 1] and nrs ∈ [1, d0.5ve]. To verify the convergence, we set c = 50 and v = 40.
The result is given in Fig. 9.
The figure shows E
[
∆n1,n0,c,v ,nrs
]
> 0 within all possible values, where min {E [Z]} = 1.91 ·
10−6, and ∆n1,n0,c,v ,nrs ≥ 0, which verify the convergence.
APPENDIX B
ANALYSIS OF STATIC VEHICULAR TRAFFIC FLOW
In the scenario of static vehicular traffic flow, vehicles in one communication range will not
leave the range and no new vehicles will enter the range, so the number of the vehicles in the
range is constant as well. When the scheme is converged, the average AoI of reception of each
vehicle can be expressed by
Ei [ai] =
1
v
v∑
i=1
ai, (15)
where v 6 c and i indicates the receiving vehicle i. The description of the other variables used
in the analysis can be found in Table II. Since
ai = Ej[ai,j] =
1
v − 1
v∑
j=1,j 6=i
ai,j, (16)
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TABLE II
VARIABLES IN PERFORMANCE ANALYSIS FOR STATIC TRAFFIC FLOW
Variables Description Variables Description
NsubCH
Number of Sub-channels
in a Sub-frame
T
Period where Relative Locations of the
Sub-channels Occupied by Vehicles Keep the Same
αRRI Resource Reservation Interval Ji
Set of Vehicle j Transmitting in
the Same Sub-frame as Vehicle i
c
Number of Sub-channels
during an RRI
Ji¯
Set of Vehicle j Transmitting in
Different Sub-frames from Vehicle i
ai Average AoI of Reception of Vehicle i It Set of Vehicle i Transmitting at Time t
ai,j
Average AoI of Reception
of Vehicle i with Vehicle j
It¯ Set of Vehicle i not Transmitting at Time t
ai,j,t
Instantaneous AoI of Reception of
Vehicle i with Vehicle j at Time t
Ji¯,t
Set of Vehicle j Transmitting in Different Sub-frames
from Vehicle i and Transmitting at Time t
v
Total Number of vehicles
(v 6 c = αRRINsubCH)
Ji¯,t¯
Set of Vehicle j Transmitting in Different Sub-frames
from Vehicle i and not Transmitting at Time t
ai,j = Et[ai,j,t] =
1
T
T∑
t=1
ai,j,t, (17)
where j indicates the transmitting vehicle j and t indicates time t, (15) can be expressed by
Ei[ai] =
1
v
v∑
i=1
1
v − 1
v∑
j=1,j 6=i
1
T
T∑
t=1
ai,j,t, (18)
where
ai,j,t =
 ai,j,t−1 + 1, if i does not receive from j,
0, if i receives from j,
(19)
and ai,j,0 = 0.
In order to further calculate ai,j,t, six sets are defined to calculate ai,j,t from four parts. The
six sets are expressed as Ji, Ji¯, It, It¯, Ji¯,t and Ji¯,t¯, where the description of them can be found
in Table II as well. If it is assumed that all vehicles adopt the same RRI, based on the definition,
the expectation of the number of vehicles in the corresponding sets and the relation between the
sets can be determined in the following equation.
E[|Ji|] = NsubCH − 1
c− 1 (v − 1), (20)
E[|Ji¯|] =
c−NsubCH
c− 1 (v − 1), (21)
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E[|It|] = 1
αRRI
v, (22)
E[|It¯|] = αRRI − 1
αRRI
v, (23)
E[|Ji¯,t|] =
c−NsubCH
c− 1 (v − 1)
1
αRRI
, (24)
E[|Ji¯,t¯|] =
c−NsubCH
c− 1 (v − 1)
αRRI − 2
αRRI − 1 , (25)
where i ∈ It¯ in (24) and (25), Ji¯,t ∩ Ji¯,t¯ = φ and Ji¯,t ∪ Ji¯,t¯ = Ji¯. Based on the six sets, ai,j,t
can be calculated through four parts, which can be expressed by
ai,j,t =

ai,j,t−1 + 1, j ∈ Ji,
ai,j,t−1 + 1, j ∈ Ji¯ and i ∈ It,
0, j ∈ Ji¯,t and i ∈ It¯,
ai,j,t−1 + 1, j ∈ Ji¯,t¯ and i ∈ It¯.
(26)
When j ∈ Ji, ai,j,0 = 1αRRI [0 + 1 + · · ·+ (αRRI − 1)] = αRRI−12 and there is no update during T .
When j ∈ Ji¯ and i ∈ It or j ∈ Ji¯,t¯ and i ∈ It¯, updates occur during T so that ai,j,t may be
1, 2, · · · , or αRRI−1. Further, when j ∈ Ji¯,t¯ and i ∈ It¯, the sub-frame that vehicle i transmitting
should be excluded. Therefore,
ai,j,t =

t+ αRRI−1
2
, j ∈ Ji,
1
αRRI−1
∑αRRI−1
k=1 k, j ∈ Ji¯ and i ∈ It,
0, j ∈ Ji¯,t and i ∈ It¯,
1
αRRI−2
∑αRRI−1
k=1 k
(
1− 1
αRRI−1
)
, j ∈ Ji¯,t¯ and i ∈ It¯,
(27)
and
ai,j,t =

t+ αRRI−1
2
, j ∈ Ji,
αRRI
2
, j ∈ Ji¯ and i ∈ It,
0, j ∈ Ji¯,t and i ∈ It¯,
αRRI
2
, j ∈ Ji¯,t¯ and i ∈ It¯.
(28)
Based on (20)-(25) and (28), (18) can be calculated in the following equation.
Ei[ai] =
1
v
v∑
i=1
1
v − 1
v∑
j=1,j 6=i
1
T
T∑
t=1
ai,j,t,
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=
1
Tv(v − 1)
 T∑
t=1
v∑
i=1
∑
j∈Ji
ai,j,t +
T∑
t=1
v∑
i=1
∑
j∈Ji¯
ai,j,t
 ,
=
1
Tv(v − 1)
(
T∑
t=1
v∑
i=1
∑
j∈Ji
ai,j,t +
T∑
t=1
∑
i∈It
∑
j∈Ji¯
ai,j,t +
T∑
t=1
∑
i∈It¯
∑
j∈Ji¯,t
ai,j,t
+
T∑
t=1
∑
i∈It¯
∑
j∈Ji¯,t¯
ai,j,t
 ,
=
1
Tv(v − 1)
(
T∑
t=1
v
NsubCH − 1
c− 1 (v − 1)
(
t+
αRRI − 1
2
)
+
Tv
αRRI
c−NsubCH
c− 1 (v − 1)
·αRRI
2
+
Tv(αRRI − 1)
αRRI
c−NsubCH
c− 1
v − 1
αRRI − 1 · 0 +
Tv(αRRI − 1)
αRRI
c−NsubCH
c− 1 (v − 1)
·αRRI − 2
αRRI − 1
αRRI
2
)
,
=
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1) , (29)
where average AoI in static scenario is irrelevant of the number of vehicles v or CBR, but v 6 c
should be complied.
APPENDIX C
ANALYSIS OF DYNAMIC VEHICULAR TRAFFIC FLOW
In the scenario of dynamic vehicular traffic flow, it is assumed that vehicles in one communi-
cation range will arrive in and leave the range in a dynamic rate, but the number of the vehicles
in the range is still constant. In the performance analysis of this part, the expectation of the
arriving and leaving proportion are respectively equal to x and y, where the description of the
variables used in this section is shown in Table III as well. In order to simplify the calculation,
it is assumed that
• both x and y are constant and x = y,
• the minimum calculation window is an RRI,
• the scheme can be converged in each RRI,
• the packet will not collide if it has collided in the last RRI.
Based on the assumptions mentioned above, when vehicle i cannot update the status of vehicle
j due to the collision, the AoI increment in an RRI is equal to α2RRI. If there are ncol,t′ packets
collided in an RRI, the sum of the AoI increments equals to ncol,t′α2RRI. Besides, only the collision
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TABLE III
VARIABLES IN PERFORMANCE ANALYSIS FOR DYNAMIC TRAFFIC FLOW
Variables Description Variables Description
x
Expectation of Proportion of the
Number of Vehicles that Arrive
in a Communication Range
in One Unit of Time
ct′
Number of Occupied Sub-channels in
the t′-th RRI Window without Considering
the Number of Arriving and Leaving Vehicles
y
Expectation of Proportion of the
Number of Vehicles that Leave
a Communication Range
in One Unit of Time
bj,c,v
Expectation of the Number of Sub-channels that are
Respectively Occupied by j Vehicles When v Vehicles
Randomly Select v Sub-channels among c Sub-channels
v0 Initial Number of Vehicles ncol,t′ Number of Collision Packets in the t′-th RRI Window
t′ t′-th RRI Window
packets in different sub-frames from vehicle i can result in the AoI increment of vehicle i, so
the AoI increment of vehicle i can be expressed by c−NsubCH
c−1 ncol,t′α
2
RRI. Based on the conclusion
in the scenario of static vehicular traffic flow (29), the average AoI of reception of each vehicle
in dynamic scenario can be expressed by
Ei[ai] =
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1)
+
1
Tv′(v0 − 1)
T
αRRI∑
t′=1
v′∑
i=1
c−NsubCH
c− 1 ncol,t′α
2
RRI, (30)
where v0 6 c and the range of t′ is from 1 to TαRRI since t
′ indicates the index of the RRI. In
addition, v′ here indicates the number of the vehicles that keep staying in the communication
range from beginning to end and v′ should be at least one, which means the communication
range could be not only static but also mobile so that the range could follow one or several
vehicles.
In order to get the final result of (30), the variable ncol,t′ is necessary to be calculated.
Considering an RRI as a calculation window, since it is assumed that the scheme can be converged
in each RRI, the number of the collision packets in the t′-th RRI window should be
ncol,t′ =
(
Ar∑
j=2
jbj,c,Ar + b1,c,Ar
ct′ − Le
c
+
ct′ − Le
c
Ar∑
j=1
bj,c,Ar
)
xv0αRRI
1000Ar
, (31)
where xv0 indicates the number of vehicles that arrive in one unit of time, yv0 indicates the
number of vehicles that leave in one unit of time, Ar =
⌈
xv0αRRI
1000
⌉
indicates the number of arriving
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vehicles in each RRI and Le = yv0αRRI1000 indicates the number of leaving vehicles in each RRI. As
assumed that the scheme can be converged in each RRI, so ct′ = ct′−1 + (x− y)v0 = ct′−1. And
because c0 = v0, ct′ = v0. Besides, according to (6) and (7),
∑Ar
j=2 jbj,c,Ar = Ar − b1,c,Ar and∑Ar
j=1 bj,c,Ar = c− b0,c,Ar , therefore
ncol,t′ =
(
Ar − b1,c,Ar + b1,c,Ar
v0 − Le
c
+
v0 − Le
c
(c− b0,c,Ar)
)
xv0αRRI
1000Ar
= ncol, (32)
where b1,c,Ar and b0,c,Ar can be calculated by (8) and pi,0,c,v =
(
c
i
) (
1− i
c
)v (
1−∑c−ik=1 pk,0,c−i,v).
Based on (30) and (32), the average AoI of reception of each vehicle in dynamic scenario can
be further calculated, where
Ei[ai] =
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1)
+
1
Tv′(v0 − 1)
T
αRRI
v′
c−NsubCH
c− 1 ncolα
2
RRI,
=
(NsubCH − 1)(T + αRRI)
2(c− 1) +
(c−NsubCH)(αRRI − 1)
2(c− 1) +
(c−NsubCH)αRRI
(v0 − 1)(c− 1) ncol, (33)
where only the dynamic part of average AoI is related to the number of vehicles v and v 6 c
should be complied as well.
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